Objectives Contrast-enhanced spectral mammography (CESM) is a novel method for breast cancer detection. The aim of this study is to check if there is a possibility of quantitative assessment of contrast enhancement in CESM and if there is any correlation between quantitative assessment of contrast enhancement in CESM and histopathology. Methods A total of 167 female patients underwent CESM. All subjects previously had suspicious lesions found on mammography, breast ultrasound, or both. After imaging, the following parameters were evaluated: number of enhancing lesions in each breast and size and degree of enhancement of each lesion. Based on the collected data, the percentage signal difference between enhancing lesion and background (%RS) and signal-difference-to-noise ratio (SDNR) were measured for each lesion. Results The number of lesions detected in the study population was 195. Among all diagnosed lesions, 120 (62%) were assessed to be infiltrating cancers, 16 (8%) non-infiltrating cancers, and 59 (30%) were benign. Thirteen (7%) lesions did not enhance in CESM; all non-enhancing lesions were confirmed to be benign under histopathological examination. Analysis of enhancement indices showed that signal values within lesions and signal values within background ROIs (regions of interest) were similar in CC (craniocaudal) and MLO (mediolateral) projections. Mean %RS values were correlated with the type of enhancing lesion, infiltrating cancers having the highest values, benign lesions the lowest. Conclusions This work has demonstrated a significant correlation between the degree of lesion enhancement in CESM and malignancy. Quantitative analysis of enhancement levels in CESM can distinguish between invasive cancers and benign or in situ lesions. Key Points • There is a possibility of quantitative assessment of contrast enhancement in CESM.
Introduction
Contrast-enhanced spectral mammography (CESM) is a novel method for breast cancer detection. This new mammography (MG) technique has been introduced to combine the benefits of mammography (such as low cost, more comfortable patient positioning, short examination time) with those of dynamic contrast-enhanced imaging techniques (revealing malignancy through display of angiogenesis, as occurs in breast magnetic resonance imaging, MRI). CESM is based on dual-energy mammography in which two images are acquired with different x-ray energies, one below the k-edge of an iodinated contrast agent and the other above the k-edge, with the same breast positioning. After intravenous iodine contrast agent administration, low-and high-energy images are obtained: the low-energy conventional MG image acquisition (about 26-32 peak kilovoltage, kVp) and high-energy images (about 45-49 kVp) using a copper filter instead of a molybdenum/rhodium one. The obtained images are then subtracted according to a specific algorithm and the weighted logarithmic subtracted image is evaluated to detect uptake of iodine contrast agent in enhancing lesions [1] [2] [3] . CESM allows visualization of lesions with high vascularity using mammography rather than more expensive technologies such as CT (with iodine-based contrast agents) or MRI (with gadolinium-based contrast agents).
Since the introduction of CESM, several research studies have demonstrated its advantages over conventional MG or MG plus ultrasound (US) [3] [4] [5] . Recent studies have demonstrated its sensitivity, specificity, and accuracy to be comparable to breast MRI [6] [7] [8] . This study explores quantitative variables in CESM that can be used to distinguish between malignant and benign lesions.
Material and methods
This retrospective study was accepted by an ethics committee and all enrolled patients provided written informed consent. A total of 167 female patients aged 26-82, with mean age 56 ± 10 years, were included in the study. All subjects underwent spectral mammography CESM performed with Senographe Essential (GE Healthcare CESM). All subjects previously had suspicious lesions found on MG, breast US, or both. Involved patients were diagnostically challenging caseswith dense or inhomogeneous breasts, with suspicion of multicentricity or multifocality in MG/US, and with clinically palpable breast cancers invisible on MG/US or patients with confirmed breast cancer to assess the range of the breast neoplasm.
CESM was performed after intravenous iodine contrast agent administration according to the protocol described in previous publications [4, 9] . Contrast medium was delivered with a power injector, and the first image was obtained 2 min after injection completion. The examination started with the breast not suspected of pathology. In all cases, the craniocaudal (CC) projection of both breasts was obtained prior to the mediolateral-oblique (MLO) projection.
After imaging, the following parameters were evaluated: the number of enhancing lesions in each breast and size and degree of enhancement of each lesion. The localization of each lesion was described in terms of breast quadrant, clock position, and distance from the nipple. Quantitative enhancement was assessed using a region of interest (ROI) placed manually over of most homogenous enhancement area within the lesion. A separate ROI was placed outside the lesion to assess background signal within an area of the most homogenous subcutaneous fatty tissue. ROIs were placed into the fatty tissue to avoid different levels of parenchyma enhancement, to be more representative of the background signal. ROI values were assessed separately for CC and MLO projections ( Fig.1 ). ROI areas were similar within and beyond each lesion, with similarity maintained in both projections. For the background ROI, both mean signal and standard deviation values were recorded. Based on the collected data, percentage signal difference between enhancing lesion and background (% RS) and signal-difference-to-noise ratio (SDNR) were 
where:
s' c signal in the lesion, s' b signal in the background, σ standard deviation. After CESM, enrolled subjects underwent further diagnostic examinations including histopathological verification of findings and final determination of the lesion grade. Based on histopathology results, the lesions were divided into three groups: infiltrating cancers, non-infiltrating cancers, and benign lesions. Indices of quantitative enhancement (%RS, SDNR) were evaluated separately for each projection to check if there was a correlation with cancer grade in any lesions. Example lesion enhancement images are presented on Fig.2 .
Statistical methods
Statistical analysis was performed to determine whether %RS and SDNR correlated to histopathological examination results. As the distribution of enhancement indices was not normal, the Kruskal-Wallis test by ranks was used. A significant test (p < 0.05) indicates that at least one sample stochastically dominates one other sample. In the first step, the enhancement indices %RS and SDNR calculated for three independent samples were compared: invasive carcinoma, intraductal carcinoma, and benign lesion. The p values of differences are shown on the appropriate plots. Next, we determined which sample pairs were significantly different.
Receiver operating characteristic curves (ROC) were prepared and analyzed to determine the diagnostic ability of %RS and SDNR indices. Sensitivity and specificity were calculated for all values of %RS and SNDR, treating them as cut-off points (the value separating malignant from benign). Next, all results were plotted as ROC curves, with sensitivity plotted versus 1-specificity for different cut-off points. Each point on the ROC curve represents a sensitivity/specificity pair corresponding to a particular decision threshold. The area under the ROC curve (AUC) measures how well a parameter can distinguish between two diagnostic groups (malignant versus benign in this case). When the analyzed parameter cannot distinguish between the two groups, the area will be equal to 0.5 (the ROC curve will coincide with the diagonal). When there is a perfect separation between the two groups, the area under the ROC curve equals 1 (the ROC curve will reach the upper left corner of the plot). The AUC is significantly different from 0.5, so there is evidence that the analyzed parameter can distinguish between malignant and benign tissues. Then the optimal cut-off point was obtained, the point on the ROC curve that is the closest to the upper left corner of the plot. The optimal cut-off point can be treated as a diagnostic threshold for best distinguishing between malignant and benign lesions. 
Histopathological examination
Histopathological diagnostics were performed in the pathology department of our hospital for all subjects. The examination was conducted after surgery or core biopsy with each specimen undergoing formalin fixation followed by paraffin embedding. Tumor parameters were assessed by microscopically examining sections stained with hematoxylin and eosin. 
Results
The number of lesions detected in the study population was 195. Within the cohort, 142 (85%) subjects had one lesion, 22 (13%) had two lesions, and 3 (2%) had three lesions. Among all diagnosed lesions, 120 (62%) were assessed to be infiltrating cancers-in this group, 95 (79% of all infiltrating lesions) were invasive ductal carcinomas and 13 were other subtypes; 12 (10% of all infiltrating lesions) were invasive lobular carcinomas; 16 (8%) non-infiltrating cancers; and 59 (30%) were benign. Thirteen (7%) lesions did not enhance in CESM; all nonenhancing lesions were confirmed to be benign under histopathological examination ( Table 1 ). Further analysis involved three main groups: infiltrating, non-infiltrating, and benign lesion. Mean ROI size was 0.39 cm 2 in CC projection and 0.38 cm 2 in MLO projection (0.39 cm 2 overall). ROI values (min, max, and mean for all detected lesions) are presented in Table 2 . Analysis of enhancement indices showed that signal values within lesions and signal values within background ROIs were similar in CC and MLO projections. Mean %RS in CC projections was 4% and in MLO projections was 4.7%. Mean SDNR in CC projections was slightly smaller, 6.54, compared with 7.90 in MLO projections. Mean %RS values were correlated with the type of enhancing lesion, infiltrating cancers having the highest values, benign lesions the lowest (Table 3) .
This difference between %RS and SNDR for infiltrating cancer and non-infiltrating cancer was statistically significant (p < 0.008) and the difference between %RS and SNDR for infiltrating cancer and benign lesions was statistically significant (p < 0.0001). Differences between analyzed parameters for benign lesions and non-infiltrating (in situ) cancers were not statistically significant (p > 0.8).
Correlation between %RS and SDNR and cancer grade depending on projection is also presented in Fig. 3 .
Based on ROC analysis, we ascertained that enhancement indices (%RS and SDNR) allowed optimal division of cases into malignant and benign (AUC > 0.5; Tables 4 and 5 ). We did not determine any significant differences in AUC between index type (%RS, SDNR), result of ROC analysis in case of different projections, and mean values. Figure 4 shows ROC curves for mean %RS and SNDR. Furthermore, we found no statistically significant differences between %RS and SNDR mean values and the lesion type in malignant infiltrating lesions (p = 0.96, p = 0.93) ( Fig. 3 ).
Discussion
In this study, preliminary results of quantitative enhancement analysis were presented. We showed that mean values of %RS and SDNR correlate well with lesion malignancy, the highest values of both indices corresponding to infiltrating cancers, the lowest to benign lesions on CESM. This correlation is statistically significant. The difference between benign lesions and non-infiltrating cancers is not statistically significant.
Looking at these results makes it clear that %RS and SDNR are giving essentially the same results. That is because both have the same numerator of signal difference between enhanced lesion and background. %RS is normalized with background signal, while SDNR is normalized with background noise. The better separation of invasive malignant from benign and intraductal lesions suggests that %RS is likely the preferable quantitative analysis parameter. By analyzing the enhancement values, we determined that focal lesion signal values and background signal values are similar in both CC and MLO projections. The mean value of %RS in CC projection equals 4% and in MLO projection 4.7%. SDNR in CC projection is slightly smaller and equals 6.54 while in MLO 7.9.
Based on ROC analysis, we found that enhancement indices allow for significant separation between invasive breast cancers and benign breast lesions (AUC significantly greater than 0.5). Similar results were achieved in other analyses conducted by Chih-Ying Deng et al [10] : enhancement was also stronger in malignant tumors in comparison with benign ones; ROC characteristics were 0.877, with 95% confidence interval (0.813-0.941). Their results included sensitivity 75.9%, specificity 88.6%, and accuracy 82.3%. Positive likelihood ratio was estimated as 6.681, while negative likelihood ratio as 0.272.
We found little enhancement difference between CC and MLO of the suspicious breast. The difference with Deng's paper in this respect seems to come from the fact that they imaged CC and MLO of the same breast within a longer time interval.
This study has its limitations. The study cohort included a limited number of patients, especially those having noninvasive cancers. The other limitation is the fact that ROI sizes vary between the lesion and noise sites depending on the homogeneity of pixel values. CESM is a recently developed diagnostic method, so there are only a limited number of studies to which our results can be compared.
Conclusions
This work has demonstrated a significant correlation between the degree of lesion enhancement in CESM and malignancy-the stronger the enhancement, the higher the probability of malignancy. Quantitative analysis of enhancement levels in CESM can distinguish between invasive cancers and benign or in situ lesions. Further study in this subject is planned to be published.
Funding The authors state that this work has not received any funding.
Compliance with ethical standards
Guarantor The scientific guarantor of this publication is assoc. prof. E. Luczynska.
Conflict of interest
The authors of this manuscript declare no relationships with any companies, whose products or services may be related to the subject matter of the article.
Statistics and biometry PhD Dorota Olszewska kindly provided statistical advice for this manuscript.
Informed consent Written informed consent was obtained from all subjects (patients) in this study.
Ethical approval Institutional Review Board approval was obtained.
Methodology
• retrospective • cross-sectional study/diagnostic study • performed at one institution Open Access This article is distributed under the terms of the Creative Comm ons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
